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I. INTRODUCTION

Major advances in our understanding of the detailed phenomenology
of the gun interior ballistics cycle have occurred over recent years.
Much of this progress has resulted from theoretical and experimental
efforts undertaken in response to a recognition of the interior ballis-
tics cycle as an unsteady, two-phase flow problem, in which events
occurring during the ignition/flamespread portion may have dramatic
impact on the overall process. Thus a whole new field of interior
ballistics modeling, including the processes of ignition and flame-
spread, was founded and with it the need for experimental data both for
model validation and guidance in future efforts.

This report describes a series of experiments designed to provide
such data, as well as a comparision of experiment to theory, the theore-
tical values being provided by a set of sample calculations performed
using an available one-dimensional, two-phase flow, interior ballistics
code. While a critical assessment of the code itself is outside the
scope of this report, apparent strengths and weaknesses of the simula-
tions are noted, and areas of possible future interest to both model
developers and experimental investigators are suggested.

II. TECHNICAL DISCUSSION

A. Phenomenology of the Gun Interior Ballistic Cycle

While the overall gun interior ballistic cycle involves an
extremely complex interplay of chemical and physical processes, classi-
cal pictures of it have often invoked major simplifying assumptions to
facilitate model formulation. A typical lumped-parameter modell is
based on instantaneous, or at least simultaneous, uniform ignition of
the entire propellant bed, followed by a spacewise-averaged thermo-
dynamic treatment of what is viewed to be a well-stirred mixture of
propellant gas and particles. A simplified description of the pressure
gradient is superimposed on this solution only for purposes of calcu-
lating maximum breech pressure and the force profile on the projectile
base, integration of which allows calculation of projectile velocity
and travel.

In actual practice, this artificially imposed decoupling of
ignition and combustion events is far from phenomenologically correct,
and flow dynamics accompanying flamespread may exhibit a significant
impact on the remainder of the interior ballistic cycle. This influence

1p, G. Baer and J. M. Frankle, "The Simulation of Interior Ballistic
Performance of Gung by Digital Computer Program," Report 1183,
Ballistic Research Laboratories, Aberdeen Proving Ground, MD,
December 1961. (AD #299980)




is best demonstrated by specifically addressing the functioning of an
idealized (though certainly not ideal) granular propellant charge, as
shown in Figure 1. Typically an igniter system is electrically or
mechanically initiated, leading to the venting of high-temperature,
combustion products into a bed of granular propellant. The intensity
and geometrical distribution of this output varies significantly with
the system. The surfaces of nearby propellant grains are heated to a
sufficient temperature to initiate combustion. Hot propellant gases
then join those from the igniter to penetrate the rest of the bed,
convectively heating the propellant and resulting in flamespread. Dur-
ing this phase, resistance to gas flow offered by the packed bed may
result in large pressure gradients capable of leading to substantial
propellant motion. In particular, localized ignition at the base of the
propellant bed with ullage, or free space, present at the other end
(between the charge and the projectile base) can lead to large forward
velocities of both gas and solid phases. Stagnation at the projectile
base is then accompanied by a substantial level of local pressurization,
bed compaction, and perhaps even grain fracture?. In the limit, the
ideal pressure-time curves shown in Figure 2 give way to the very real
profiles shown in Figure 3, which depicts an over-pressurization leading
to a breechblow in a 175-mm gun. These figures also illustrate a pro-
cedure now employed by many ballisticians, wherein pressure-time data
recorded at the projectile end of the chamber are subtracted from corres-
ponding data taken at the breech end to yield the "pressure-difference
profile.'" This curve provides a convenient, graphic portrayal of the
evolution of longitudinal pressure waves in gun chambers.

A rigorous understanding of those processes involved in the
formation of pressure waves and their impact on the rest of the interior
ballistic cycle is needed if one is to be able to make meaningful pre-
dictions about the performance and safety of new charge designs. Of at
least equal importance is the need to provide a useful diagnostic capa-
bility with respect to anomalous behavior exhibited by existing charges.
Accurate quantitative statements on any of these matters require the
formulation of an adequate interior ballistic model which includes
treatment of all important physical and chemical processes involved in
flamespread, the formation of pressure waves, and their coupling with
maximum chamber pressures. For the experimentalist, this means that
he is called upon first to assist in identifying those processes which
must be considered in the physical scope of the model, and second to
provide data for validation of the adequacy of the physical representa-
tion and numerical procedures.

?A. W. Horst, I. W. May, and E. V. Clarke, "The Missing Link Between

Pressure Waves and Breechblows," 14th JANNAF Combustion Meeting, CPIA
Publication 292, Vol. II, pp. 277-292, December 1977.
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B. Recent Advances in Interior Ballistic Modelin&

This past decade has seen considerable activity in the field of
modeling unsteady, multiphase flows. A small sample of the nature and
complexity of such work was recentlg revealed at an Army Research
Office Workshop on Multiphase Flows®. One subset of this field has
been that of flamespread and combustion in a mobile, granular propellant
bed. These studies are of particular interest in terms of their rele-
vance to ignition transients, pressure waves, and even breechblows in
Army artillery and tank guns. The works of several US flamespread
modelers were reviewed in a Joint-Army-Navy-NASA-Air Force (JANNAF)
Workshop# several years earlier. Since that time, modeling of flame-
spread and pressure-wave phenomena in the gun environment has received
further attention principally by FisherS,6, Gough7‘9, and Kuol0. sSeveral

3J. Chandra and C. Zoltani, "Proceedings of ARO Workshop on Multiphase
Flows," US Army Research Office and the Ballistic Research Laboratory,
Aberdeen Proving Ground, MD, February 1978.

k. x. Kuo, "A Summary of the JANNAF Workshop on Theoretical Modeling
and Experimental Measurements of the Combustion and Fluid Flow Proces-
ses in Gun Propellant Charges," 13th JANNAF Combustion Meeting, CPIA
Publication 281, Vol. I, pp. 213-233, December 1976.

SE. B. Fisher, "Quality Control of Continuously Produced Gun Propellant,"
Calspan Report No. SA-56913-X-1, Calspan Corporation, Buffalo, NY, August 1977.

5. B. Fisher, "Investigation of Breechblow Phenomenology," Contract Report
ARBRL-CR-00412, Ballistic Research Laboratory, USA ARRADCOM, Aberdeen
Proving Ground, MD, January 1980. (AD #B046080L)

’p. s. Gough and F. J. Zwarts, "Some Fundamental Aspects of the Digital
Simulation of Convective Burning in Porous Beds," AIAA/SAE 13th Propulsion
Conference, AIAA Paper No. 77-855, July 1977.

8p. s. Gough, "Theoretical Study of Two-Phase Flow Assoctated with
Granular Bag Charges," Contract Report ARBRL-CR-00381, Ballistic Research
Laboratory, USA ARRADCOM, Aberdeen Proving Ground, MD, September 1978.
(AD #A062144)
P. S. Gough, "Two-Dimensional Convective Flamespreading in Packed Beds
of Granular Propellant,'" Contract Report ARBRL-CR-00404, Ballistic
Research Laboratory, USA ARRADCOM, Aberdeen Proving Ground, MD, July 1978.
(AD #A075326)
K. K. Kuo and J. Hs Koo, "Transient Combustion in Granular Propellant
Propellant Beds. Part 1: Theoretical Modeling and Numerical Solu-
tion of Transient Combustion Processes in Mobtile Granular Propellant
Beds," Contract Report No. 346, Ballistic Research Laboratory, USA
ARRADCOM, Aberdeen Proving Ground, MD, August 1977. (AD #A044998)
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other effortsll»12 recently sponsored by the US Army are currently
addressing post-flamespread phenomena and, hence, are not relevant to
the description of ignition/combustion-driven pressure waves and
attendant problems.

Calculations included in this study were performed using the NOVA
Code’,13-16 developed by Paul Gough Associates, under contract to the
Naval Ordnance Station, Indian Head, MD. NOVA consists of a two-phase
flow treatment of the gun interior ballistics cycle formulated under the
assumption of quasi-one-dimensional flow. The balance equations des-
cribe the evolution of averages of flow properties accompanying changes
in mass, momentum and energy and arising out of interactions associated
with combustion, interphase drag and heat transfer. Constitutive laws
include a covolume equation of state for the gas and an incompressible
solid phase. Compaction of an aggregate of grains, however, is allowed,
with granular stresses in excess to ambient gas pressure being taken to
be in accord with steady state measurements. Interphase drag is repre-
sented by reference to the empirical, steady state correlations of
Ergunl? and Anderssonl® for fixed and fluidized beds respectively.

g . Gibeling, R. C. Buggeln and H. MeDonald, "Development of a Two-

Dimensional Implicit Interior Ballistics Code,' Contract Report ARBRL-
CR-00411, Ballistic Research Laboratory, USA ARRADCOM, Aberdeen Proving
Ground, MD, January 1980. (AD #A084092)
2. c. Buckingham, "Modeling Additive and Hostile Particulate Influences
in Gun Combustion Turbulent Erosion," 16th JANNAF Combustion Meeting,
CPIA Publication 308, Vol. I, pp. 673-690, December 1979.
13P. S. Gough and F. J. Zwarts, "Theoretical Model for Ignition of
Gun Propellant,"” SRC-R-67, Space Research Corporation, North Troy,
VT, December 1972.
Hp s, Gough, "Fundamental Investiation of the Interior Ballistics of
Guns: Final Report," IHCR 74-1, Naval Ordnance Station, Indian Head,
MD, August 1974.
15P. S. Gough, "Computer Modeling of Interior Ballistics," IHCR 75-3,
Naval Ordnance Station, Indian Head, MD, October 1875,
16p, s. Gough, "Numerical Analysis of a Two-Phase Flow with Explicit
Internal Boundaries," IHCR 77-5, Naval Ordnance Station, Indian Head,
MD, April 1977.
175. Ergun, "Fluid Flow Through Packed Colwms," Chem. Eng. Progr.,
Vol. 48, pp. 89-95, 1952.

18y, E. B. Andersson, "Pressure Drop in Ideal Fluidization,"” Chem. Eng.

Sei., Vol. 15, pp. 276-297, 1961.
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Interphase heat transfer is described similarly according to Dentonl?

or Gelperin-Einsteinzo. Functioning of the igniter is included by
specifying a predetermined mass injection rate as a function of position
and time. Flamespreading then follows from axial convection, with grain
surface temperature being deduced from the heat transfer correlation and
the unsteady heat conduction equation, and ignition based on a surface
temperature criterion. In addition, propelling charge internal boundaries
defined by discontinuity in porosity are treated explicitly, and the
forward external boundary reflects the inertial and compactibility char-
acteristics of any inert, packaging elements present between the propellant
bed and the base of the projectile. Solutions are obtained using an
explicit finite difference scheme based on the method of MacCormack

for points in the interior and the method of characteristics at internal
and external boundaries.

C. The Requirement for Experimentation

As noted earlier, considerable advancement has taken place over
recent years in the field of two-phase flow, interior ballistic modeling.
The qualitative features of longitudinal pressure waves in guns are well
described in many instances by such models. Nevertheless, substantive,
further advancement is necessary to extend their scopes of applicability
to many current problems of interest (e.g., particularly those associated
with bagged-charge phenomenology) and to provide truly quantitative
statements concerning these problems.

Multi-dimensional flamespread and interior ballistic models are in
various stages of development, but it is hardly likely that all short-
comings of existing models will disappear along with the elimination of
the one-dimensional approximation. Indeed, critical examination of the
applicability of '"1-D" models to nearly one-dimensional charge configur-
ations must be one step along the path to formulation of a phenomenolo-
gically complete model. Toward that end, we describe a set of experi-
ments based on essentially a one-dimensional charge designed to provide
data required for direct assessment of existing models. The experimen-
tal results obtained are compared to theoretical predictions of the NOVA
interior ballistics code. We stress at the outset that no significant
attempt was made to reconcile differences between experimental and
theoretical results through manipulation of the input data. Rather, an

lgw. H. Denton, "General Discussion on Heat Transfer," Inst. Mech. Eng.

and Am. Soc. Mech. Eng., London, 19561.

20y, I. Gelperin and V. G. Einstein, "Heat Transfer in Fluidized Beds,"

Fluidization, edited by J. F. Davidson and D. Harrison, Academic Press,
2BL,

ZJR. W. MacCormack, "The Effects of Viscosity in Hypervelocity Impact

Cratering," AIAA Paper No. 69-354, AIAA Aerospace Science Meeting,
1963.
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input data base was assembled which was felt to be a reasonable compila-
tion of currently available, independently determined values. The
objectives of the comparison presented here are simply to identify
apparent strengths and weaknesses as exemplified in the simulations
provided and to assess the adequacy of current experimental techniques
for model validation exercises.

III. EXPERIMENTAL

Firing tests were conducted for the Ballistic Research Laboratory
at the Naval Surface Weapons Center, Dahlgren, Virginia, using Navy NOSOL
318 and Army M30Al propellants. NOSOL 318 was chosen for testing because
it is a solventless-processed gun propellant offering excellent dimen-
sional stability and chemical and physical homogeneity as well as well-
characterized burning rates. M30Al was selected because it is the pro-
pellant used in the Zone 8, 155-mm, M203, Propelling Charge, and
because no flamespread data previously existed for this formulation.

A photograph of the test fixture is shown in Figure 4. Central to
the experiment is the Navy fiberglass breech gun?2-2% with the disposable
chamber made to simulate that of the 5-inch, 54-caliber gun. Chamber
pressures were measured at the base of the case (P1) and at four sidewall
locations (P2 through PS5, running from the base to mouth of the case).

In addition, axial case strains (S2 through S5) were recorded at approxi-
mately the locations of the sidewall pressure ports. Flamespread data
were recorded on each shot using two Hycam high-speed cameras at framing
rates of 5,000 and 10,000 frames per second. A common time base was
provided between the analog and flamespread records through a timing
signal recorded on the analog tape and the timing tracks of the film.
Finally, an attempt was made at measuring movement of the propellant
using dual flash X-rays to monitor the location of particular grains
seeded with small brass rods.

22J. L. East, "Experimental Techniques for Investigating the Start-Up

Ignition/Combustion Transients in Full-Scale Charge Assemblies,' 11th
JANNAF Combustion Meeting, CPIA Publication 261, Vol. I, pp. 119-139,
December 1974,

L L. East and D. R. McClure, "Experimental Studies of Ignitiom and
Combustion in Naval Guns,' 12th JANNAF Combustion Meeting, CPIA
Publieation 273, Vol. I, pp. 221-257, December 19765.

24W. R. Burrell and J. L. East, "Effects of Production Packing Depth and
Ignition Techniques on Propelling Charge Reaction and Projectile
Response," NSWC/DL TR-3705, Naval Surface Weapons Center, Dahlgren,
VA, April 1978.
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Figure 4. 5-Inch Fiberglass Breech Gun, Naval Surface Weapons Center,
Dahlgren, Virginia
15




A schematic of the one-dimensional charges fired is shown in
Figure 5. The propellant was loaded full-diameter with a packing depth
of approximately 7.6 cm. The propellant was ignited with a specially
built basepad, shown in Figure 6 from the rear (upper left), from the
front (upper right), and partially disassembled, from the front (bottom
of figure). This basepad was designed to provide a planar output, and
preserve the one-dimensionality of the experiment. The pad consisted of
85 g of Class I black powder, ignited by a spiral wrap of mild detonating
cord, supported on a wire grid. The cord was electrically initiated.
There were no wads or closure plugs at the forward end of the charge, and
with the exception of the first NOSOL 318 shot, the projectile was con-
strained from movement.

A. One-Dimensional, NOSOL 318 Tests

The NOSOL 318 propellant grains used for these shots had seven
perforations, a length of 23.1 mm, an outer diameter of 11.6 mm, and a
perforation diameter of 0.84 mm. The propellant charge mass was 9.27 kg.
The initial axial ullage on the first shot was 34 mm, and the projectile
traveled 19 mm during the event. The luminous output of the burning
propellant was so low that flamespreading rates could not be determined.
The other NOSOL 318 firing reproduced the first, so only one is reported
in detail here.

in&‘:‘&U\X/‘

PROPELLANT, ULLAGE
IGNITER NOSOL 318 3.4-5.3 cm

OR M30A1,

~72cm

Figure 5. Charge Schematic, 5-Inch, One-Dimensional Tests
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The unsmoothed experimental pressures from each of the piezoelectric
transducers are shown in Figure 7. The time scale is referenced with
respect to the instant at which the firing voltage was applied to the
electric initiator. The sequence of events, as depicted in these traces,
is well-behaved and easily explained in the context of the phenomenology
earlier discussed. After the igniter functions at the base of the charge,
propellant is locally ignited and an axial, convectively driven pressure
front proceeds forward through the propellant bed. At approximately 32 ms,
the combustion wave reaches the base of the projectile, stagnates, as
revealed by the slope change of the forward curves, and is reflected
toward the base of the case. The position of the reflected wave is
easily tracked by the reversal of the order of the curves at the higher
pressures. Figure 8 provides an alternate representation of these same
data, presenting pressure-position profiles in the chamber at selected
times. Again, we see a pressure front traveling from the rear, yielding
an initial, forward-facing pressure gradient. Arrival of the front at
the forward station is seen at about 31.5 ms, and the development of a
rear-facing gradient indicates reflection of the wave.

The unsmoothed experimental pressures from each of the strain gages
are shown in Figure 9. The strain gages were arbitrarily calibrated by
requiring agreement of P2 and S2 (the rearmost sidewall transducers)
when 15 MPa was reached at P2. As above, the sequence of events
exhibited in these strain measurements is well-behaved, and for the most
part reproduces that displayed by the piezoelectric measurements. There
is some detail on the S4 trace not seen on the P4 record that is perhaps
an indication of solid-phase dynamics. Figure 10 displays these data
in the form of "strain-inferred" pressure profiles in the chamber. These
curves reproduce the early behavior exhibited by the gas pressure pro-
files, but significant differences evolve at later times. We note an
apparent rarefaction wave traversing the chamber in the vicinity of
33.0-33.5 ms. There is also a more persistent rear-facing pressure
gradient here, possibly the result of persistent stresses induced in the
forward end of the propellant column during compaction of the bed.

Figure 11 displays a comparison of pressures measured using
piezoelectric and strain gages. In our previous work25, we relied
solely on strain gages, calibrated as described above, to monitor the
pressure in the tube. We see here that while agreement between piezo-
electric and strain gages is excellent at the rearmost station, presumably
least affected by solid-phase loading, the agreement at the forward end
of the case is poor, where the strain record cannot even be used as a
reliable indicator of time-of-arrival of the gas pressure pulse.

op, . Minor, A. W. Horst and J. K. Kelso, "Experimental Investigation
of Ignition-Induced Flow Dynamics in Bagged-Charge Artillery," 15th
JANNAF Combustion Meeting, CPIA Publication 297, Vol. I, pp. 61-83,
February 1978.
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NOVA code simulations of the '"1-D'" NOSOL 318 firings were performed
using the input data base provided in Appendix A. Independently deter-
mined values for required input parameters were employed wherever possible.
Propg%lant thermochemical properties were calculated using the BLAKE
code“”, burning rates were based on closed bomb measurement527, and bed
rheology was characterized by reference to results from quasi-steady
compaction studies?8. The propellant ignition temperature was arbitrarily
set at 450 K, and the igniter output profile was depicted to be either a
simple, constant venting of the appropriate quantity of black powder
combustion products or a slightly ramped version of the same (see Figure
12). The total action time of approximately 20 ms was based on the
results of some earlier igniter characterization tests, depicted in Figure
13, though no attempt was made to reproduce any of the detailed structure
of igniter performance.

Figure 14 provides one comparision of theory with experiment for
the first NOSOL firing. Ignition delays are underpredicted with both
igniter profiles employed, so a time translation has been introduced to
render coincidental the experimental and predicted times for a pressure
of 15 MPa at the breech position. Some sensitivity is seen here with
respect to the character of the igniter description, suggesting the need
for a more careful representation of its temporal output. However,
while pressure-front propagation rates are in substantial agreement with
experiment, the sharp discontinuity in the pressurization curves, mark-
ing the arrival of the reflected wave front, is completely missing in the
simulations. Altering propellant bed compaction characteristics (by
changing the rate of propagation of an intergranular disturbance, a,,
as in the packed bed) to approximate more closely measurements made on
single-base, solvent-processed propellants is seen in Figure 15 to signifi-
cantly alter predicted pressure-difference profiles, though little improve-
ment is seen (Figure 14) with respect to the previously described problem.

Figure 16 provides a composite display of predicted and observed
pressure-front propagation profiles (based on a level of 1 MPa), and of
predicted flame-front propagation. As mentioned before, flamespread
data could not be reduced because of the low level of luminosity
observed during the firings of NOSOL 318 propellant. Note again the
dependence of predicted results on the igniter description.

26E. Freedman, "BLAKE, A Ballistic Thermodynamics Code Based on TIGER,"

Proceedings of the Intermational Symposium on Gun Propellants, Dover,
NJ, 1973.

S. E. Mitchell, "Selected Properties of Navy Gun Propellants," IHSP
76-128, Naval Ordnance Station, Indian Head, MD, January 1976.

A. W. Horst and F. W. Robbins, "Solid Propellant Gun Interior Ballistics
Annual Report: FY?6/TQ," IHTR 456, Naval Ordnance Station, Indian Head,
MD, January 1977.
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B. One-Dimensional, M30Al Tests

The M30Al propellant selected for these tests was physically
similar to the NOSOL 318 to permit a comparison between the details of
the interior ballistic processes for the two. The seven-perforation
M30A1 had a length of 24.1 mm, an outer diameter of 10.6 mm, and a
perforation diameter of 0.86 mm. The propellant charge mass was 10.07 kg.
The initial axial ullage on the shot discussed here in detail was 53 mm,
and the projectile did not move during the event. Due to the increased
luminosity of the flame for this shot, when compared to that of the
NOSOL 318, flamespread data could be visually tracked. As before, only
one of the two rounds is reported in detail; the second reproduced these
results.

Figure 17 displays the flamespread through the M30Al propellant at
10,000 frames per second. After a period of diffuse luminosity, with
ill-defined flame propagation in the rear part of the charge, the flame
proceeds monotonically to the front of the charge.

Unsmoothed, experimental pressure-time profiles as recorded by the
piezoelectric transducers are shown in Figure 18. The low-pressure
front (v 1 MPa) is seen to propagate forward in an orderly fashion in
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